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Fistulas are a pathological tunnel between two hollow organs or an organ and the skin. 
There is currently no gold-standard for treatment as invasive surgical procedures carry significant 
morbidity, and potential for failure; many patients are also not surgical candidates due to comorbid 
conditions. Patients’ with fistulas have high mortality rates and a poor quality of life. The goal of 
this thesis was to develop a prototype and computational model of a minimally invasive fistula 
occlusion device. The prototype was designed to be an electromagnetic catheter that could deliver 
a glue plug to a precise location. It used a solenoid to control the magnetic field and plug delivery.  
 The design of the prototypes went through several stages before arriving at the final 
construction. Various materials were attempted for the solenoid core and a range of wire sizes for 
the copper coil. The final manufacturing process involves alternating coats of iron paint and iron 
wire for the core with a copper wire coil.  
 Horizontal and vertical magnetic force experiments were conducted to analyze the effects 
of core size. Three different sized cores were built to determine how much iron was needed to 
achieve a clinically relevant magnetic force. It was demonstrated that it is possible to achieve the 
necessary force using hollow solenoids.  
 A computational model was built in MATLAB so that the researchers could analyze a 
greater range of design parameters moving forward. Validation and verification of the model has 
shown magnetic field shapes consistent with solenoid theory.  
 The results of this study indicate that the ideas presented in the preliminary patent filed in 
July of 2015 are feasible. Further refinement is necessary to create the final device to be used in 
patients but it is possible to develop an electromagnetic catheter to control small plugs for fistula 
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Chapter 1: Background & Significance 
Introduction  
 The goal of this study is to propose and validate a device for repairing fistulas. Fistulas 
cause significant morbidity to patients, and are difficult to treat. Current treatment options are 
insufficient for a large population afflicted worldwide. The technology presented in the following 
chapters takes the failures associated with other fistula repair devices and approaches the problem 
from an entirely different perspective. Instead of removing tissue, we seek to plug the hole with 
glue. This thesis describes the steps taken so far towards developing the fundamentals of this 
device. Additionally, a provisional patent has been filed on the technology. 
 The remainder of chapter one focuses on the background information, biology and scope 
of the problem. In summary, there are four current closure techniques being used by physicians, 
each with unique advantages and disadvantages.  Unfortunately, no current repair technique is 
successful in all situations. Surgery is successful in about 80% of patients, the highest success rate 
by far, but many patients are not surgical candidates. Surgery is also invasive, painful, expensive, 
and can cause additional fistulas. It does not come without significant risks. Ferrofluids have never 
been used to attempt to fistula closure, however, they are a relatively new technology that could 
increase the controllability of biocompatible glues. Research suggests that they may be a viable 
option for use in this application. Lastly, chapter one also describes the significance and innovation 
of the work presented in this thesis.  
 Chapter two covers the design process for an electromagnetic catheter and construction of 
the individual prototypes. Although one style of prototypes were used in the testing and evaluation 
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phase, descriptions of earlier prototypes that informed design decision are presented here. This 
chapter provides insight to the design decisions that were made as well as what type of 
specifications and parameters were defined in developing the device.  
 The third chapter describes the experimental testing of the physical prototypes. The goal is 
to understand the effects of different design parameters on the output of the magnetic field. It also 
discusses the challenges that the team faced during design implementation due to small-scale 
manufacturing.  
 Since it is impossible to build and test every prototype combination, a computational model 
was developed in chapter four. This chapter explains the modeling assumptions for determining 
the force produced by the solenoid. The computational model is important to the overall study 
because it can validate the phenomenon seen in chapter three. In turn, the physical prototypes also 
help to inform the model so that it can be used for more fine iterations.  
 Finally, chapter five describes the conclusions that can be drawn by taking into account the 
results from the physical prototypes as well as the information provided by the computational 
model. Additionally, future work is proposed in detail as the device is not finished. There is 
significant work to be continued in the development and testing of the device before it is ready for 
early clinical trials.  
Background 
Fistulas are a pathological tunnel between two hollow organs within the body [1]. Figure 




Figure 1: A- Enterenteric  and gastroenteric fistula [2] B- Enterocutaneous fistula. 
Fistulas most commonly occur between the gastrointestinal tract or biliary system and the 
skin or between two abdominal cavities, for instance the bowel and bladder [1]. The exact 
prevalence of fistulas in the US populations is unknown due to under-reporting, however the 
enterocutaneous pathology effects approximately 2% of all bowel surgeries (25% for open) [3,4]. 
Additional causes include: removal of a gastronomy tube, trauma, diverticulitis, Inflammatory 
Bowel Disease (IBD), and radiation therapy [5–7]. As many as 75% of enterocutaneous fistulas 
are thought to be iatrogenic, i.e. inadvertently caused by a physician or medical treatment  [4,8]. 
Fistulas can be classified by either the organs that they connect, drainage levels, or tract 
orientation [9,10]. The anatomic naming convention has the origin organ first and the drainage 
organ second. For the example shown in Figure 1B, “entero” is for the intestine, and “cutaneous” 
is for the drainage organ, the skin. Fistulas can be classified has high, medium or low output. The 
higher the output the more likely the need for surgical intervention. Additionally, tracts can be 
simple or complex. Simple tracts are singular and have not developed abscesses or additional 




complications. Although fistulas can occur in almost any organ system, the remainder of this thesis 
will focus on fistulae of gastrointestinal origin. The technology presented, however, could be later 
applied to biliary, urinary, and cardiovascular fistulas.  
 Gastrointestinal fistulas are difficult to repair and the only current method is invasive 
surgery that removes some of the surrounding and potentially otherwise healthy tissue [11]. Some 
patients are not surgical candidates because of comorbid health issues including severe 
malnutrition that can occur as a consequence of the fistula. In addition surgery can present a risk 
in some instances for loss of sphincter function and with this fecal continence can be lost [12,13]. 
Unfortunately, less than 25% of fistulas heal spontaneously [1,6,14].  
Unrepaired fistulas can lead to significant morbidity, potential mortality, and are associated 
with prolonged hospitalization and costs. Sepsis may accompany gastrocutaneous fistulas with 
reported mortality rates as high as 85% [6,14,15].  As a function of the challenges, morbidity, 
potential mortality, and costs associated with fistulas the medical field continues to search for 
better solutions to this challenging clinical dilemma.   
 Mechanical closure methods include clips and plugs. Comprehensive studies on the 
application of clips are extremely limited and a vast majority of the available literature is reliant 
on individual case studies [5]. Approximately 50% of all clips fail due to poor clip position, early 
detachment and densely epithelialized tissue preventing adherence and inflammation surrounding 
the clip which contributes to foreign body reactions [5]. Plugs are the newest advancement in 
fistula repair. They can be made of synthetic silicones or bio absorbable xenografts which lessen 
the foreign body reactions. They are currently being used exclusively for anal fistulas. Despite the 
recent innovation, plug extrusion occurs in between 10-41% of cases and only heals 49% of fistulas 
in twelve months [16,17]. 
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 Additionally, various forms of glues have been explored as a non-surgical closure method 
with limited success; typically because of the inability to maintain a precise location once injected 
[18]. Before curing, cyanoacrylate has a low viscosity, which allows it to easily flow through the 
catheter, however this benefit is offset by the continued flow in the body and absence of precision 
for deployment. Decreasing the cure time of cyanoacrylate is possible with additives; however, 
additives often clog the injection catheter causing it to stick to the delivery site. Precision is 
especially important in the closure of fistulas because of possible unwanted occlusion downstream 
of the abdominal viscera from which the fistula originates. This particularly applies to bilioenteric 
fistulae. 
 Although new innovations have offered promise to patients, re-fistulization occurs at a rate 
of 11% [8]. Additionally, despite the decrease in mortality rates in recent decades, the number of 
patients treated non-operatively remains the same [18]. This indicates a need for a minimally 
invasive and greatly effective method of permanent closure of fistulas. This technology might also 
be applied to other areas where precise occlusion of an area is required, for instance occlusion of 
aneurysmal dilation of blood vessels.  
 A literature search for the current gastrointestinal fistula closure devices was performed 
using publications from the last 20 years. Papers were excluded if they focused on biological tissue 
grafts. Traditional techniques include various surgeries and conservative antibiotics. Other closure 
methods were limited to mechanical devices.  
Current Closure Techniques 
 According to a literature search there are four main categories for fistula closure: 
traditional, including surgery and antibiotics; clips; plugs; and fibrin glue. Although innovative, 
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the newer technologies have yet to show consistent results that indicate they are worth replacing 
the more prominent traditional methods among physicians.  
Traditional 
 Traditional fistula closure methods include conservative therapies like fasting the patient 
for extended periods of time and placing them on total parenteral nutrition (TPN), antibiotics and 
octreotide. In addition, should this fail, the less appealing, surgical intervention option might be 
considered. Most physicians agree that a conservative approach makes sense during initial 
treatment, however, less than approximately one-third of patients will respond to this resulting in 
spontaneous closure of their fistula [6,18]. Octreotide can decrease the output of the fistula by 50% 
in those patients who respond by reducing gastrointestinal secretions, motility, and enzymatic 
activity [19]. Octreotide, however, has potential side effects. In general a combination therapy of 
medications including octreotide and antibiotics coupled to TPN is widely used with variable 
success [15].  
Unfortunately, more than two-thirds of patients have high output fistulas or do not respond 
to these more conservative measures [6,18]. For those failing the conservative approach, surgery 
is ultimately required if not contraindicated. Operations are successful in more than 80% of 
patients, but are expensive in time, money, and carry significant morbidity including pain [8,18]. 
There are a few surgical techniques used: re-anastomosis with a limited resection, endoscopic 
suturing and mucosal de-epithelization, and covering the fistula with a skin graft [7,20]. As 
previously stated, many patients demonstrating a gastrocutaneous fistula are not surgical 
candidates because of their age, comorbidities or health status, and are therefore limited in their 




 Over the-scope clips (OTSC) were designed for closure of intestinal perforations, fistulas 
and leaks. As shown in Figure 2, the clip is deployed through the scope by the physician under 
visualization.  
 
Figure 2: OTSC deployment. Step 1 shows the scope coming into visualization of the affected tissue, step 2 is 
the initial attachment of the clip to the tissue, step 3 is closing of the fistula by pulling healthy tissue together 
inside of the clip, and step 4 is the removal of the scope leaving the clip in place.  
The scope is inserted through the rectum or the mouth depending on the location of the 
fistula. In the case of small bowel fistulas the endoscopic approach may not be possible as the 
endoscopic equipment has limited length and maneuverability. Once the affected area is 
visualized, the clip attaches to the healthy tissue and pulls it together covering the pathological 
area. This provides opposition of surfaces to close the fistulous tract and to allow an opportunity 
for the tissue to heal itself. The clip falls into the lumen of the intestine with time and hopefully 
during the period of tissue opposition the natural process of wound healing leads to closure of the 
tract by fibrotic mechanisms and healing of the intestinal mucosa by regrowth over the defect.  
The ability to deploy clips successfully is highly variable and ranges from 38-100% [21]. 
Long-term results of this technique are not well studied, with concerning estimations of a 50% 
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recurrence rate despite technical success of clip deployment and initial closure of the internal 
defect [21]. Clip failures occur for several reasons: poor clip placement by the doctor, early 
detachment from the tissue and densely epithelialized tissue [5]. Because of these early and long-
term failures, clips are considered an additional part of combination therapy but should not be used 
universally for fistula closure [10].  
Plug 
 Plugs are the newest technology to enter the fistula space. Currently they are exclusively 
used for anal fistulas, but are being explored for other avenues. There are two commercial plugs 
described in the literature, one known as the Cook Biodesign plug made of a xenograft and the 
other, Gore Bio-A made of synthetic material. Unfortunately, few long-term studies exist in order 
to quantify the potential success of these plugs. The hypothetical insertion of the plug can be seen 
in Figure 3 [2].  
 The Biodesign Anal Fistula Plug (AFP) is made of a bio absorbable xenograft from 
lyophilized submucosa of porcine small intestine [22]. Adamina et, al. performed a cost analysis 
and although 50% of the fistulas closed, they were unable to draw conclusions regarding 
comparison to traditional surgical techniques. However, AFP did cost less than traditional therapy 





Figure 3: Anal fistula and deployment of Anal Fistula Plug (AFP).  
 The Bio-A plug is made of a composite of polyglycolic acid and trimethylene carbonate 
(PGA:TMC) tubes and absorbs between seven and ten months [17]. It was implanted in an 
outpatient setting. At twelve months about 49% of patients had healed completely [17].  
 Failures from AFPs are typically caused by a mismatch in plug to fistula tract width 
resulting in plug extrusion. This occurs in 10-41% of patients [16]. Additionally, many patients 
demonstrate contraindications that make them ineligible for an AFP including: vaginal 
involvement, persistent abscess, infection, allergy to porcine products, and inability of the 
physician to identify openings [16]. Although the success rates are not nearly as high as the medical 
community would like, AFPs are known to have lower complication rates than alternative surgical 
methods. This indicates a place for them in treating complex anal fistulas [23]. 
Fibrin Glue 
 Although the concept of using fibrin glue in medical applications has been around for many 
decades, it has not been widely used [24]. Consequently, few studies have been performed to 
analyze its highly variable (14-60%) success rate [25]. Instead, case studies are available regarding 
its effectiveness. Fibrin glue is usually used in patients that are not surgical candidates indicating 
a bias in the patient population for the case studies.  
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 Shand et al, describes a patient who was identified as high surgical risk after she pulled out 
her PEG tube forming a gastrocutaneous fistula [24]. The patient was started on TPN and 
octreotide, traditional conservative fistula treatment methods. Foley catheters were introduced to 
drain the fistula but once the fistula size was reduced to 14 French, high output of gastric juices 
continued, and smaller catheters were unable to provide adequate closure. Since the patient was a 
high risk for surgery, the team at Western General Hospital in Edinburgh initiated an endoscope 
to deploy Surgicel, human fibrinogen and human thrombin. Additional components were injected 
directly through the abdominal wound. Complete closure of the mature fistula tract was achieved 
in 11 days [24]. This case study in 1997 was foundational for the investigation of the use of fibrin 
glue in future fistula closures.  
 Additional case studies indicate similar results using the same technique [14]. However, 
multiple endoscopic sessions were often used and the sample size has been extremely limited. 
Fibrin glue seems to be a promising alternative to surgical management, however more significant 
results are needed before any conclusions can be drawn.  
Although gastrocutaneous fistulas are an uncommon complication, they can be debilitating 
towards the patients with whom they affect. Coupled with ineffective treatments and poor success 
outcomes can cause significant morbidity. Although the mortality rate has decreased in recent 
years from 43% in 1960 to 7% in 2006, the number of patients being treated non-operatively 
remains the same [18]. Fistulas are complicated and re-present in as many as 63% of patients even 
months after the initial fistula was thought to have healed [25]. This provides an attractive 
opportunity for technological advancement. Clips, plugs and fibrin glue are less invasive methods, 
but their success rates dwarf that of traditional fistulotomy.  
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 The studies presented here are limited by their small sample sizes. Unfortunately fistulas 
often present with comorbidities which makes patients ineligible for treatment. Additionally, a 
small portion of the general population will present with a fistula and an even smaller portion will 
adhere to a clinical trial [17]. Randomized control trials with long-term clinical follow up are 
needed in order to accurately determine success rates of each technology [22].  
 The community is yearning for an option better than the current state of technology 
described. Each method has qualities that make it attractive for further investigation, however, 
without reliable and consistent results it is difficult for researchers to determine which technology 
presents the most promise.  
Cyanoacrylates 
Cyanoacrylates are a class of adhesive monomers that polymerize into chains when 
exposed to moisture. Originally developed in 1942, cyanoacrylates have been used extensively for 
commercial use since the 1970’s. During the late 1960’s, cyanoacrylates were tested on the 
battlefield to assist in the control of bleeding in soldiers. Nevertheless, FDA approval for medical 
uses did not come until much later due to irritation. Later, the FDA approved the use of 2-octyl 
cyanoacrylate (Dermabond) in closing wounds and surgical incisions. Interventional radiologists 
have also used cyanoacrylates to treat vascular malformations and aneurysms. They have been 
used limitedly to seal biliary leaks and enteric fistulas. Success rates are varied since there are such 
limited case studies. 
Several varieties are available as medical grade and have been used most commonly to 
close surgical wounds but have also seen success in aneurysms and occluding tissue varices [26]. 
The main complication with using cyanoacrylates in the body is maintaining precise control of the 
location of the adhesive. Before curing, the cyanoacrylate has a low viscosity, which allows it to 
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easily flow through the catheter, but then continues to flow in the body. Decreasing the cure time 
is possible with additives; however, then it often clogs the injection catheter causing it to stick to 
the delivery site. Precision is especially important in the closure of fistulas as inadvertent occlusion 
of vessels downstream can lead to a worse outcome than no intervention. Thus increasing the 
controllability of cyanoacrylates is a desirable feature for its application in closing fistulas. 
Ferrofluids  
Background 
 Ferrofluids have been a topic of interest for the past few decades. Their applications are 
vast and include: microfluidics, actuators, and stepper motors just to name a few [27,28]. 
Ferrofluids are stable suspensions of ferrous nanoparticles in a carrier liquid, either oil or water 
[27–30]. The particles are coated with a surfactant which prevents aggregation, even in the 
presence of intense magnetic fields. Because of their size, Brownian motion keeps the particles 
from aligning in the fluid and allows the ferrofluid to behave as a paramagnetic material [29,30]. 
That is, it only maintains a magnetic moment when exposed to the magnetic field. 
 This phenomenon is useful because it potentially can allow for control over the movement 
of the fluid through indirect contact: magnetic field presence. The field of ferrohydrodynamics 
embraces the complicated nature of ferrofluids and hopes to understand the mechanics of motion 
as influenced by magnetic polarization [29]. Ferrohydrodynamics includes the study of all 
ferrofluids, however, there is significant literature demonstrating just how vast that field is. 
Ferrofluids can have a variety of: sizes of nanoparticles, surfactants, and carrier fluids. Most 




 Several companies market ferrofluid compounds for purchase, including FerroTec, the 
only retailer of biocompatible ferrofluid (disclaimer: not FDA approved) [27]. The existence of 
these companies shows that there is value to creating technologies using ferrofluids.  
Magnetic Forces 
With the absence of a magnetic field, the nanoparticles are randomly oriented in the fluid 
and the rheological properties are most similar to that of the carrier liquid [31,32]. In the presence 
of a magnetic field, however, the nanoparticles of a ferrofluid orient themselves according to field 
lines [28]. This re-orientation phenomenon has multiple effects on the behavior of the ferrofluid. 
The change from Newtonian to non-Newtonian behavior is what makes them interesting for 
applications [33].  
For dilute ferrofluids, magnetic inter-particle interaction is negligible [34]. However, when 
a magnetic field is applied, strong inter-particle interactions take place, especially in fluids 
composed of nanodiscs [31]. These inter-particle interactions, or magnetoviscous effect, are what 
are responsible for the shape changes in ferrofluid droplets [30,35]. According to Rahmani, in the 
presence of magnetic fields, ferrofluids stretch out perpendicular to the field source based on their 
constrained geometry [29]. This is true even in complex containers beyond the capillary tube. 
Additionally, they concluded that blob shape can influence its behavior within the container. This 
finding is useful in developing technologies that involve detaching from walls [29].  
When designing devices that use ferrofluids, it is interesting to note the rheological changes 
that occur in the presence of a magnetic field. It seems obvious that as a field is applied the 
viscosity increases. However, Borin et al found that the viscosity increases up to 40 times that of 
the fluid without a magnetic field [31,32]. This is an extremely important result as it alters the 
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behavior of the fluid so significantly geometries and force applications must be different depending 
on if a field is being applied.  
Previous research has been conducted on magnetic flux density and the force applied to 
ferrofluid blobs [36,37]. Both analyses are important when determining characteristics of potential 
devices utilizing ferrofluid technologies. Mefford et al calculated the force on a droplet of 
ferrofluid from both permanent and electromagnets. For low currents, the theory matched the 
experimental results. However, at high currents (3A or greater), it over-predicted the force [37]. 
This is especially important in the use of electromagnets for ferrofluid applications.  
Biomedical Applications 
 There are three studies that have greatly influenced the use of ferrofluids in biomedical 
applications. Each are early experiments but have been foundational in the development of 
prototypes. Thiele et al, used ferrofluids to control the manipulation of hyperbaric lidocaine in 
spinal anesthesia [38]. Paschalis et al, designed an implantable glaucoma valve for the eyeball 
using ferrofluid [39]. Mefford et al, analyzed the movement of a ferrofluid blob through the 
vitreous humor towards an external magnet for retinal detachment repair [37]. Although unrelated 
in application to the research presented in the subsequent chapters, the findings of each were 
critical to the innovation of the prototype design.  
 Cardiac arrest is a serious and life threatening complication potentially arising from spinal 
antiesthetic. Gravity causes hyperbaric drugs to move in the spinal column; reaching T-4 can be 
detrimental to the patient. Currently, anesthesiologists influence block height by adjusting the 
patient’s back position in relation to the ground. Thiele et al, wanted to use ferrofluids to influence 
nerve block height against gravity [38]. In the pilot study they used PVC tubing to create a model 
of the spine and inject it with a magnetic methylene blue-lidocaine solution and a non-magnetic 
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solution. The external magnet had no effect on the non-magnetic solution whereas it completely 
prevented gravitational dependent settling in the magnetic solution. This is promising for using 
magnetic fields to control the placement of other fluids through mixtures. There was no evidence 
of separation of the fluids, indicating the ferrofluid actually “pulls” other fluids along if mixed 
well [38]. 
 Glaucoma causes blindness due to increasing intraocular pressure (IOP). Many devices and 
pharmaceuticals exist aiming to reduce IOP [39]. However, most of these valves rely on the 
encapsulation process of the plate. Paschalis et al set out to design a valved tube capable of 
regulating IOP without relying on encapsulation [39]. In this instance, Ferrotec’s ferrofluid was 
injected to a small capillary tube. Two micro magnets securely fixed the ferrofluid in place and 
acted as the pressure regulator. The valve worked according to the changing-shape phenomenon 
previously described by Rahmani and seen in action here [29,39].  
 Retinal detachment is another leading cause of blindness. Current treatments fail often and 
effect millions worldwide. Mefford et al developed a biocompatible ferrofluid to repair retinal 
tears [37]. The fluid is injected into the vitreous cavity and a permanent magnet is placed 
underneath Tenon’s capsule. The magnet attracts the ferrofluid droplet across the vitreous humor 
and seals the hole. Their research used theoretical calculations and experimental results to validate 
their proposed therapy. Assuming steady-state velocity, the team calculated the magnetic force for 
every distance point from the magnet. This same principle will be applied in calculations seen in 
chapter 3.  
 Although ferrofluids have never been used to seal enterocutaneous fistulas, these other 
biomedical applications demonstrate similar behaviors that are desired by this novel fistula 
occlusion device. Ferrofluids can be used in combination solutions with other fluids to drive 
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motion in the presence of a magnetic field [37,38]. Additionally, they are expected to have good 
biocompatibility as required by the FDA [39].  Current fistula closure techniques are insufficient, 
the properties and behaviors of ferrofluids make them a promising alternative.   
Summary of Electromagnetics 
 A solenoid is a coil of wire wrapped around a core, typically iron, that produces a 
reasonably uniform magnetic field when current is passed through the wire [40,41]. Figure 4 shows 
the coil of wire perpendicular to the page and the resulting magnetic field lines.  
 
Figure 4: Diagram of magnetic field lines in a solenoid coil [42] 
The magnetic field follows the direction of the “right hand rule”; if the right hand is placed around 
the solenoid with the fingers pointing in the direction of flow, in this case, out of the page, the 
thumb points in the direction of the magnetic field [42].  
 For an infinitely long solenoid, the magnetic field only occurs inside the solenoid [43]. The 
field inside the solenoid is given by the equation, 0B nI . Outside, B is equal to zero [44]. This 
is fine in theory, but in practice, it is important to know the field of a short solenoid [44]. For points 













B ∬   
This equation will be used to define the model described in detail in chapter 4.  
Significance 
Surgical and disease complications such as fistulas can cause extreme pain to the patient 
as well as exorbitant medical costs. Fistulas are abnormal tunnels between two tissues within the 
body. These pathogenic ducts can cause serious ramifications if left untreated and current options 
are insufficient. They commonly occur in the gastrointestinal tract as well as biliary conduits, 
however, they are also seen in the vascular system. Various forms of glues have been explored as 
a non-surgical closure method with limited success typically because of the inability to maintain a 
precise location once injected. If the controllability issue could be addressed, glues have significant 
potential for fistula closure.  
The prevalence of fistulas in the US populations is far reaching due to its various forms. If 
left untreated, fistulas can cause abscesses, infections and other complications. Some fistulas repair 
themselves or with the help of antibiotics, however, up to two-thirds require surgical intervention. 
Often times, these patients are not suitable to undergo additional surgeries as typically they have 
multiple diagnoses and are already in poor health. Therefore, a non-surgical method of fistula 
repair is desired. The excellent adhesive qualities make cyanoacrylates an ideal candidate to 
occlude fistulas. However, the inability to control its precise location leaves room for innovation. 
The device proposed in this document will make fistula repair non-invasive and contribute greatly 




The need for a non-surgical, simple method of repairing fistulas has been made evident. 
However, the precision needed to control potential non-invasive treatments does not currently 
exist. The proposed device looks to mix cyanoacrylate with a biocompatible ferrofluid in order to 
control with exacting precision the location of the cyanoacrylate until it forms a solid plug. 
  Previously, magnetic particles have been used previously to safely retract the bowel during 
other surgeries [46]. In the given case study, the particles are flushed from the system once the 
external magnets are removed. Biologically compatible ferrofluid has also been used in 
experimental procedures mixed with lidocaine for spinal blocks [38]. This provides novelty 
because there is currently no mechanism to control cyanoacrylate inside the body. Utilizing the 
inherent properties of ferrofluids will allow the cyanoacrylate-ferrofluid plug to act as a permanent 
solution for fistulas. 
  The proposed device is innovative in its approach to precisely placing the cyanoacrylate-
ferrofluid adhesive plug. The delivery catheter will contain a solenoid at the distal end. When 
power is turned on, the solenoid will produce a magnetic field and influence the ferrofluid-glue 
solution. This magnetic field will maintain the location and will prevent the plug from adhering to 
undesired areas, such as adjacent ducts and vascular structures. The result is a permanent, 
obstructive, intact tissue-adhesive plug. 
  A minimally invasive procedure is novel in the field of fistulas. Currently, fistula treatment 
requires extensive surgery under general anesthesia and several weeks of recuperation following 
the procedure. This typically is associated with hefty hospital costs and is painful for the patient. 
The device proposed is intended to be used with a catheter, resulting in less pain to the patient, a 
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shorter recovery period and lower overall costs. The procedure will also provide a permanent fix, 
with no need for secondary procedures. 
 The focus of this thesis is to develop the electromagnetic catheter component of the glue 
delivery system. Many designs were taken into consideration and one type prevailed for further 
analysis. The variations in that type of prototype were tested for magnetic field strength that would 
be clinically applicable. Additionally, a computational model was constructed to provide further 
insight and allow for refinement in the design moving forward. Together the results of the physical 




Chapter 2: Design Process and Construction of a Novel Fistula Occlusion 
Device 
Introduction 
Fistulas are difficult to repair and the only current method is invasive surgery that removes 
some of the surrounding and potentially otherwise healthy tissue [14]. Some patients are not 
surgical candidates because of other health complications [12]. Various forms of glues have been 
explored as a non-surgical closure method with limited success, typically because of the inability 
to maintain a precise location once injected. Before curing, the cyanoacrylate has a low viscosity, 
which allows it to easily flow through the catheter, but then continues to flow in the body. 
Decreasing the cure time is possible with additives; however, they often clog the injection catheter 
causing it to stick to the delivery site. Precision is especially important in the closure of fistulas 
because of possible vessel occlusion downstream.  
If the location control issue can be addressed, cyanoacrylates are a promising method of 
fistula closure that can be delivered non-surgically. Ferrofluids are an innovative solution to the 
delivery precision problem. Ferrofluids are iron particles suspended in either oil or water based 
solutions that react to the presence of a magnetic field.  
The goal of this project was to develop a system that could deploy magnetic glue and 
control its position using the magnetic field from a solenoid. This chapter describes the iterative 
process of early prototype development as well as the final manufacturing protocol for the devices. 




 The idea for this device was developed out of the Internal Medicine Department at the 
University of Kansas Medical Center. Drs. Richard Gilroy, Philip Johnson and Stephen Waller 
approached the University of Kansas’s College of Engineering with their problem and proposed 
solution. They had experimented with controlling off-the-shelf ferrofluids with external magnets. 
However, designing a medical device is not that simple. The device needed to be: minimally 
invasive, hollow in order to inject fluid into the body, and hold a bolus of fluid in place for the 
duration of the curing time. Additionally, all medical devices must meet strict guidelines provided 
by the FDA complete with rigorous benchtop and clinical testing. In the early stages these 
guidelines were kept in mind in regards to design decisions but they were not the specific goals of 
the project.  
Minimally Invasive 
 The current gold standard for fistula repair is an invasive surgery. Unfortunately, many 
fistula patients are not surgical candidates due to comorbidities or their current state of health. This 
leaves them susceptible to abscesses, infections, sepsis and even death. Antibiotics are frequently 
prescribed, however, less than one-third of patients respond [6,18]. This gap in care is the 
motivation behind the development of the fistula occlusion device. A better method of treatment 
must exist for these patients.  
Additionally, those who are able to withstand a surgery are faced with the risk of severe 
complications, including recurrent fistulas. Surgery is successful in about 80% of patients but does 
not come without the downsides of cost and pain [8,18]. A device that can repair a fistula using 
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interventional radiology techniques is highly desirable and would disrupt the healthcare model 
used today.  
“Minimally invasive” is indicative of the small size of this device. In order for the device 
to be used non-surgically, it must fit through ducts the body already has, such as the biliary tract 
or gastrointestinal system.  
Hollow 
 Not only does the catheter need to produce a magnetic field, but it must be hollow so that 
magnetic glue can be deployed through its lumen to the desired site. This seems obvious, however, 
little research has been performed on the effectiveness of magnetic fields from a hollow solenoid. 
Most solenoids that are a commercially available or those used for similar applications have a solid 
core of a highly permeable material.  
Magnetic Force 
  Lastly, but most importantly, the device must produce a magnetic force strong enough to 
hold a bolus of ferromagnetic glue in place while it cures. Presence of a magnetic field is suggestive 
of magnetic force, but they are not explicitly related [28]. Solenoids can be used to create an 
electromagnet which, when powered, can produce a magnetic force [47]. Solenoids were chosen 
because they are capable of turning on and off [28].  Although previous research indicates a method 





 These qualitative descriptions of what functions and features the fistula occlusion device 
needed to have were nuanced into the three main design specifications presented in Table 1. The 
diameters were determined explicitly through catheter measurement of what is commercially 
available. In order for the device to be minimally invasive it must use a catheter based foundation. 
Because of the size of vessels, the device is strictly limited to these physical dimensions. 
Additionally, the 0.52 g of weight the device needs to be capable of holding is what is relevant for 
this application. This was determined from physician consultation and approximation using 
characteristics of a commercially available glue, Trufill n-BCA [50] . Should the application 
change, or the formulation of the glue change, the force will need to be re-evaluated. The weight 
is representative of the amount of glue the catheter would need to deliver to be useful to the 
physicians as a repair tool. Future work will involve more exploration of this specification to 
understand its adequacy. Anything less than this value, however, is seemingly useless.  
Table 1: Design specifications as determined from the qualitative needs of the device. 
Parameter Value or Range Unit 
Inner diameter 0.97 mm 
Outer maximum diameter 1.5-4.0 mm 
Weight to be held ≥0.52  g 
 The other engineering specifications of the device were not outlined prior to the design 
process as they have more flexibility. For the first generation of the prototype, the technology was 
built on a commercially available catheters. However, future iterations may choose to re-design 




 The goal of this research was to develop a device to control a magnetic glue plug in the 
body. A schematic of the general idea is presented in Figure 5.  
 
Figure 5: General schematic of what the device should look like; blue is the internal catheter, grey is some type 
of iron or metallic core and gold is a solenoid coil. This generic setup was used to guide the future designs.  
Many iterations of the prototype were attempted before arriving at the final design. Sizes 
for the copper coil and materials for the iron core were optimized both for manufacturing and 







The permeability, µ, is most strongly correlated to the material property. Iron is 
significantly more permeable than most other available materials like zinc or cobalt, however some 
advanced ceramics exist that could be explored in the future. The amount, or weight of iron in the 
core influences the total permeability so that was examined when building potential cores. Turns 
per unit length, or n/l, is also highly influential. The gauge of the copper coil determines the turns 
per length. Current, is the most accessible since it can be evaluated on every prototype simply by 
altering the power supply.  
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Iron Core  
 Several materials were explored for use in the iron core. Small metal tubes are 
commercially available, however, they are typically made of zinc or steel instead of pure iron to 
decrease the opportunity for oxidation to occur. They also tend to have larger lumen than necessary 
for the application with thinner walls. The permeability difference between steel and iron is greater 
than three orders of magnitude. This large difference in permeability caused a significant change 
in the behavior of the prototypes and is considered to be the term of greatest influence. Simply 
changing the material can impact the overall magnetic field strength by 1000X [48].  
 The team also investigated the use of metal tape commonly used for mounting posters. Due 
to patent protection, the exact composition of the tape is unknown, however it was deemed 
irrelevant because of the difficulty in use for this design construction. The tape only came in one 
thickness which severely limited the rolling capabilities and the inner lumen could not be built as 
small as dictated by the design specifications.  
 Pure iron wire (0.35 mm) was the closest to creating unique tubes of the exact dimensions 
desired, however, there were obvious gaps between the coils to create the core. This finding 
facilitated the idea to use paint to fill in the gaps. Finally iron paint was investigated. This material 
was also protected by intellectual property, however, it was reported that 49.97% of the Modern 
Metals Iron Oxidizing Paint was pure iron while the remaining 50.03% was unknown additives 
[51]. Combining the iron wire with iron point was the closest the core came to being pure iron with 
permeability of approximately 5,000 N/A2 using available materials.  
 During this experimental design process, it was determined that permeability had the 




 The copper coil was investigated despite having a lesser effect on the overall magnetic field 
because the results of the iron core were determined simultaneously. It has a direct relationship to 
the overall magnetic field strength a solenoid is capable of producing. In early iterations, two types 
of copper wire were examined in order to predict their influence over the magnetic field. The thick 
wire was 0.66 mm in diameter while the thin wire was 0.33 mm. Equation 1.3 describes the 
relationship between the resistance in the coil and the number of turns per unit length and radius 







If the radius, r, doubles, the amount of current the coil can withstand increases by a power of 4 
whereas the number of turns only decreases by half. This lead to the hypothesis that the thicker 
wire would produce a stronger solenoid and thus be more appropriate for use in the final design.  
 An experiment was created to test that hypothesis where the core conditions were kept the 
same and only the type of copper coil changed between prototypes. Identical zinc spacers were 
used as the cores. One prototype was constructed with thicker copper wire (0.66 mm) and one with 
thin wire (0.33mm). The length of the coils was kept constant at 2 cm, however the thickness of 
the wire meant that the thick coil had half as many turns per unit length as the thin coil.  
The solenoids were powered with approximately 2.5 A of current and held near steel balls 
vertically. An attempt was made to pick up as many steel balls as possible using the prototype. 
Due to gravity, the weight of the balls corresponded roughly to the magnetic force the solenoid 
was producing. The hypothesis was rejected because the prototypes that utilized thinner coils but 
more turns actually prevailed in holding more weight. This is likely due to the thickness of the 
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coating. Thinner wires are able to have a much greater ratio of copper to coating whereas the 
thicker wire had a thicker plastic coating to prevent excessive heat transmission. This finding led 
to using the thinner wire for all future iterations. 
Final Design Assessment 
After analyzing many different design combinations, a final configuration was determined and 
built for testing. Prototypes were built on 20 cm of the distal end of Angiodynamics Soft-Vu 
Berenstein 5F catheters. This would allow for the eventual deployment of the magnetic glue 
through the 0.97 mm lumen. The solenoid was built on the last 2 cm of the catheter. To create the 
core of the solenoid, alternating layers of iron paint (Modern Metals Metalic Oxidizing Iron Paint, 




Figure 6: Manufacturing process for creating the iron core and external solenoid on the catheter. X=2, 4, or 6 
depending on which level of prototype was being built. Three of each group were created to analyze effects 
between similar prototypes.  
Three prototypes of each experimental group were built according to the specifications shown 
in Table 2. Group 2 indicates two alternating coats of iron wire and iron paint were used for the 
core. Group 3 indicates four alternating coats of iron wire and iron paint were used for the core. 
Group 4 indicates six alternating coats of iron wire and iron paint were used for the core. A, B, or 
C indicates the version number of that group. Three versions of each experimental group were 
built in order to analyze differences between and among prototypes. These materials were chosen 
from previous prototype iterations as described in the previous section. Weights were taken during 
the manufacturing process to determine similarity between prototypes of the same number and 




Table 2: Specifications of core materials and weight for each prototype. Coat number and material in the left 
column indicate the step in the manufacturing process depicted in Figure 6 at which the weight was taken. 
For instance: 3 paint means the weight of the prototype after alternating 3 coats of wire and 3 coats of paint 
were applied to the core.  
  Relative Weight (g) 
Prototype 2A 2B 2C 3A 3B 3C 4A 4B 4C 
Catheter  
weight 
0.33 0.35 0.37 0.28 0.36 0.35 0.34 0.35 0.45 
1 wire 0.25 0.24 0.25 0.30 0.26 0.22 0.22 0.23 0.23 
1 paint 0.02 0.02 0.02 0.02 0.03 0.04 0.04 0.02 0.03 
2 wire 0.30 0.29 0.30 0.31 0.29 0.31 0.30 0.29 0.31 
2 paint 0.08 0.09 0.06 0.09 0.01 0.08 0.08 0.05 0.06 
3 wire    0.30 0.38 0.35 0.39 0.35 0.37 
3 paint    0.13 0.10 0.17 0.13 0.05 0.11 
4 wire    0.43 0.42 0.09 0.46 0.40 0.47 
4 paint    0.18 0.17 0.54 0.27 0.18 0.21 
5 wire       0.63 0.48 0.59 
5 paint       0.41 0.36 0.38 
6 wire       0.76 0.77 0.90 
6 paint       0.37 0.72 0.40 




0.60 0.59 0.59 1.55 1.51 1.39 3.40 3.20 3.46 
                    
Avg 0.59 1.48 3.35 
Stdev 0.00 0.08 0.14 
 
After drying, an external coil was constructed using coated copper wire with a diameter of 
0.33 mm wrapped tightly approximately 35 times around the iron core. This coil was connected to 
the power supply in order to create the magnetic field. These prototypes were evaluated and the 




 There were two great challenges in developing this device. The first was communicating 
needs between the clinic and the laboratory. The second, was finding available materials for 
creating prototypes. 
 Physician-engineer interaction is something that is critically important to the innovation of 
new medical devices. However, this important aspect is not met without challenges. It is often 
difficult to create something tangible that meets the imagination of the end user. Engineering 
design is an iterative process that requires frequent refinement as testing and evaluation occurs. In 
this device, the communication was critical to understand the overall function of the device and 
the design requirements as they pertain to a non-surgical intervention. Experimental testing was 
originally conducted to move a steel ball, thus demonstrating an effective magnetic field strength. 
However, after further conversation it was later determined that the glue does not need to be moved 
by the solenoid per se, but instead it just needs to be held in place. This is a fundamental finding 
because it is obviously much easier to keep something from moving than it is to initiate motion. 
This greatly influenced the experimental setup seen in later chapters.   
 In the academic setting it is especially important to be conscious of financial resources. 
This often means being creative when initiating designs. Additionally, when manipulating many 
different design parameters it is much easier to use commercially available products to implement 
into the design. This was difficult because the exact material was unavailable. Ideally, solid iron 
tubes would have been used for the prototype but these weren’t available commercially. In future 
iterations, this need will be addressed and compared to the results seen in these prototypes.  
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Final Design in Detail 
 Three final prototypes were built and tested in subsequent chapters. Figure 7 shows the 
measurements of these final prototypes.  
 
Figure 7: Final design of the novel fistula occlusion device. Three versions (2, 3, and 4) were built with distinctly 
different iron core radii as described in the callout. The internal diameter and copper coil remained constant 
throughout all versions of the final iteration.  
 The final design used iron paint (49.97% wt) and solid iron wire (gauge 0.35 mm) to create 
an iron core external to a 5F catheter. The solenoid was wrapped around the dry core using 0.33 
mm copper wire. In total, 9 prototypes were built, three at each discrete level of iron core weight. 
This allowed for analysis of the effect of iron core size on the strength of the magnetic field. This 
also allowed researchers to analyze the reliability of the manufacturing methods. Some variability 
was predicted between prototypes of the same level, but all three should behave more similarly to 
each other than the other groups.  
Chapter 3: Early Prototypes and Analysis of a Novel Fistula Occlusion Device 
Methods 
The goal of this specific portion of the fistula occlusion device was to analyze a prototype that 
could move magnetically responsive material. Steel balls were used here for simplicity, in future 
studies, they will be replaced with ferromagnetic glue. The steel balls were an approximation of 
the ferromagnetic glue blob if it acted as a solid.  
Prototypes were built according to the methods described in detail in chapter two. A Student’s 
T-test assuming equal variances was performed on the iron core weights for each group of 
prototypes to determine sameness within a group and difference between groups. The solenoid 
coils were connected to a power supply in order to create the magnetic field.  
Horizontal Experiments 
Three sets of experiments were 
conducted to verify the presence of a 
magnetic field. In the first setup, each 
prototype was set in a slim track and 
secured as shown in Figure 8. A 3 
mm steel ball was placed 3 mm away 
from the distal end of the solenoid 
and the power supply was turned on. 
The current through the external coil 
was increased until the magnetic 
field pulled the steel ball towards the solenoid. The voltage, current and power were recorded at 




this instant. The power was turned off and the ball was returned to the start position. Every third 
trial the entire setup was redone to address potential setup bias. Nine trials were performed for 
each of the six prototypes in experimental groups 2 and 3. Group 4 was excluded from this 
experiment because its large size did not fit in the track. It also was much larger than the diameter 
of the steel ball used, so there was a greater discrepancy in the alignment which caused unreliable 
results. 
Vertical Experiments 
 In order to rectify problems with the first set up due to friction and alignment of the 
magnetic field, a second experimental set up was designed. Each prototype was secured vertically 
and connected to the power supply as 
shown in Figure 9. The power was turned 
to a maximum level of approximately 3A, 
and the 3 mm steel ball was allowed to hang 
off the distal end of the prototype. The 
power was turned down incrementally until 
the ball fell off. This experiment was used 
to determine feasibility of using a clinically 
applicable total weight.  The third setup 
used two 3 mm steel balls weighing a 
combined total of 0.7427 g. It was determined through discussion with physicians who would 
potentially use this device that it needed to be able to lift 0.52 g. The experimental set up accounted 
for a 50% increase in glue weight. The same procedure was followed as in the second set of vertical 
experiments. 20 trials were attempted for each prototype. 






A Student’s T-test assuming equal variances was performed on the iron core weights for 
each group of prototypes. Using α=0.05, all groups were considered different from each other. 
Table 3 shows the results of these t-tests. 
Table 3: Results of the Student’s T-test for equal variances between experimental groups 2 and 3, 3 and 4, 
and 2 and 4.  
 T-stat T-crit Result 
2:3 -18.126 2.776 Reject 
3:4 -20.055 2.776 Reject 
2:4 -34.63 2.776 Reject 
Horizontal Experiments 
Nine prototypes (three of each construction) were built using the aforementioned method. 
2 (A, B, C) had the smallest iron core, 3 (A, B, C) the middle and 4 (A, B, C) the largest. Each 
prototype moved the ball within the limits of the power supply, no more than 3A of current. 
Preliminary results indicate that solenoids on this scale can be used to move magnetically reactive 
materials. Initial results indicate that this design may provide a viable control mechanism for the 
deployment of magnetic glue.  Figure 10-12 show the spread as well as the mean and standard 




Figure 10: The current at which the ball moved for each trial in the horizontal experimental setup. The gray 
indicates the spread of values which explains the large standard deviations. The black is the mean and 
standard deviation for each prototype which can also be found in the table on the right.  
 
 
Figure 11: The voltage at which the ball moved for each trial in the horizontal experimental setup. The gray 
indicates the spread of values which explains the large standard deviations. The black is the mean and 




Figure 12: The power at which the ball moved for each trial in the horizontal experimental setup. The gray 
indicates the spread of values which explains the large standard deviations. The black is the mean and 
standard deviation for each prototype which can also be found in the table on the right. 
 
Vertical Experiments 
The next set of experiments used the same prototypes in a vertical position so that the 
magnetic force could be determined through a force balance as shown in equation 3.1.  
(3.1) magnet gravityF ma F F   
Prototypes 2A, 2B, 2C and 3B all failed to hold the 2 balls vertically and were thus excluded from 





Figure 13: The current at which the 2 balls were no longer held on by sufficient magnetic force provided by the 
solenoid. The gray indicates the spread of values which explains the large standard deviations. The black is 
the mean and standard deviation for each prototype which can also be found in the table on the right. 
 
 
Figure 14: The voltage at which the 2 balls were no longer held on by sufficient magnetic force provided by the 
solenoid. The gray indicates the spread of values which explains the large standard deviations. The black is 





Figure 15: The power at which the 2 balls were no longer held on by sufficient magnetic force provided by the 
solenoid. The gray indicates the spread of values which explains the large standard deviations. The black is 
the mean and standard deviation for each prototype which can also be found in the table on the right. 
Discussion 
This work represents the beginning of a body of work to develop a device to repair fistulas. 
This study was limited by the resolution of the available power supply and the ability to control 
the alignment of each prototype into the track. Researchers could also not control for friction within 
the track, although all attempts were made to reduce friction as much as possible. Vertical 
experiments allowed the research team to focus solely on overcoming the gravitational force. 
However, further iterations of the prototypes need to be developed in order to validate the trends 
seen here as well as hopefully provide a more predictable force on the ball.  
In all of the trials and conditions, the variability was interesting to note. Although some 
variability is expected, drastic outliers are not. The outliers could be the effect of changes in the 
system that were uncontrolled or unidentifiable by the research team. Additionally, although trend 
lines could not be established due to the high variability, it was expected that there would be a 
relationship between the iron core weight and the required current to move the ball. However, the 
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results were inconsistent between trials and prototype groups indicating an issue with either 
alignment, resolution of the power supply or variability in the device construction.  Reliability 
needs to be addressed in the experimental set up before making general conclusions. However, it 
does demonstrate that magnetic force can be achieved at this scale.  
 Additionally, the magnetic glue will need to be characterized. This is important so that the 
flow patterns are understood when being deployed. Although previous research indicates the 
applicability of fibrin glue to this scenario, it is unknown if the addition of ferrous particles will 
alter its composition. Evaluating different glue ratios in combination with solenoid catheters will 
help to fine-tune the design parameters of both components. The fluid mechanics of the system are 
the next major obstacle for designing a prototype to work in unison. The experiments will have to 
be repeated in order to fully understand the ramifications of the fluid mechanics in a magnetic 
field.   
 The method of creating a solenoid-catheter described here provides a promising foundation 
for future iterations of the device. Further verification is needed before conclusions can be drawn 




Chapter 4: Computational Model of a Novel Fistula Occlusion Device 
Methods 
In order to optimize the physical prototype of the fistula occlusion device, a computational 
model was developed. This model allows for greater manipulation of design parameters than 
iterating individual prototypes. The goal was to validate the model using experimental results seen 
in chapter 3. The model was constructed using MATLAB R2014a assuming two concentric semi-
infinite cylinders. Cylinder A represents the iron core, and cylinder B is the hollow lumen as shown 
in Figure 16.   
 
Figure 16: Surface currents for two cylinders created in computational model. JA corresponds to the current 
induced on the external surface of the iron core, and JB is the inside surface of the iron core. The orange dotted 
line is representative of the solenoid coil.  
 
The copper solenoid is built around the outermost cylinder. Equation 4.1 is the equation for 
















Where Js is a summation of the alternating surface currents, JA, and JB on the external side of each 
corresponding cylinder. Surface currents are a fictional representation of the magnetic effects 
produced by the solenoid on the magnetic material and used to calculate the overall magnetic field 
strength. Substitutions were applied in order to perform a Taylor series expansion around a, the 
point at which the field was evaluated. This expansion assumes that a is much smaller than x, y, 
and z. This assumption was made in order to avoid a numerical methods approximation. After 
integrating over the surface the resultant vectors were put back into equation 4.1. Although 
magnetic flux density, B, is indicative of the force it does not explain all of the phenomena.  
 To solve for the magnetic field, H, equation 4.2 was used, where 0  is the permeability of 






H r   
( )H r  and its derivative ( )H r  , can be used to describe the force felt by a particle of volume, v, a 
distance away from the magnetic source. Equation 4.3 explicitly describes the closed-form solution 
for F.  
(4.3) 0( 1) ( ) ( )p r r vF H H   
p  is the relative permeability for the particle being acted upon. Once calculated, the force can be 
compared to the force of gravity.  
All calculations were performed on an x-z grid from -10 radius to +10 radius skipping a 
square of -1 radius to +1 radius. As the particle moves closer and closer to the tip of the solenoid 
(the origin) the magnetic forces approach infinity and cause singular solutions. Therefore, it was 




Validation and Verification 
 The initial results show the progression of the model through the calculations. The 
parameters were defined as shown in table 4. These, along with equations 4.1-4.3 allowed for 
development of the model. 
Table 4: Inputs for computational model. During parametric analysis variables with a * changed.  
Parameter Value Units 
Current, i* 2 A 
Permeability of free space, µ0 4𝜋−7  
Permeability of solenoid* 5000  
Permeability of glue 50  
Number of turns 250 1/m 
Outer radius, c* 3.86 mm 
Inner radius, p 0.98 mm 
Volume of particle, v 1 mL 
 
 The model was verified by ensuring that if c=p, or there was no iron core present, that the 
magnetic field went to 0. This is because the surface currents from each set of terms would cancel. 
Additionally, when the double integral portion of equation 4.1 is evaluated 1 radii away from the 
origin, i.e. : it becomes close to 1, the magnetic flux density, B, should be equal to
4sJ
. This was 
seen in the calculations and therefore it was determined that the model was producing results 
consistent with the mathematical formulations.  
Figure 17 shows the magnetic flux density of the computational model with an overlay of 
a solenoid. This shape is consistent with solenoid field theory [41,45,53]. Since the model is semi-
infinite, the magnetic field is greatest along the edges of the solenoid and dramatically decreases 




Figure 17: Magnetic flux density of a solenoid with radius 3.86 mm, assuming an input current of 2 A and a 
solenoid core permeability of 500. A schematic of the prototype is overlaid to show where the solenoid is in 
relation to the field.  
 
Figure 18 is Figure 17 plotted on a decibel scale. This shows the change in orders of magnitude as 




Figure 18: Magnetic flux density of the same prototype shown on a decibel scale. 
The magnetic field was found to be between the order of refrigerator magnets (5 mT) and 
neodymium rare earth magnets (1.25 T) and therefore considered sufficient for this application 
[54,55]. These values fall between the yellow and light blue regions shown on Figure 18.  
The magnetic flux density was divided by the permeability of free space (Equation 4.2) in 




Figure 19: Magnetic field strength of prototype with radius 3.86 mm, assuming an input current of 2 A and a 
solenoid core permeability of 500 on a decibel scale.  
Parametric Analysis 
 The goal of this model was to develop a computational method for optimizing design 
parameters. The variables that could change were: c, i, and µ. Two parametric analyses were 
performed in order to identify the best assembly of parameters. The parametric plots are shown in 
full in Appendix C.  
 The first parametric analysis held the current, i, constant at 2 A. The outer radius, c, and 
permeability, µ, were varied independently. Physically, µ, is a constant defined by the material 
properties of the core. However, since the core in the prototypes described in chapter 2 is composed 
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of an imperfect iron paint and iron wire combination, an exact permeability could not be 
determined. It is believed that it falls somewhere between 50 and 5,000. Trials were completed at 
µ equals 50, 500 and 5,000 for this analysis. 5,000 is the permeability of pure iron and the ideal 
scenario. Additionally, a trial was performed for each discrete radii, 1.17 mm, 2.35 mm and 3.86 
mm at each level of permeability for 9 total scenarios.  
 The second parametric analysis assumed a constant permeability of 500 and varied the 
current, i, at 0.02 A, 0.2 A, and 2 A, and the outer radius, c, as in the first analysis. This resulted 
in 6 additional scenarios and 3 that were repeated from the first parametric analysis.  
Discussion 
The profiles of the magnetic flux density and magnetic field strength are consistent with 
solenoid theory. As you move away from the tip of the solenoid the magnetic field breaks down 
rapidly. Additionally, all forces point towards the tip where the magnetic field is the strongest. Far 
away from the solenoid the field is zero.  
The parametric analysis of the model shows that as the permeability or current increases 
the magnetic field increases in strength. It also increases as the thickness of the iron core increases, 
however, by a lesser amount.  
It should be noted that this approximation is more valid the smaller the volume of the 
particle is. As v  increases, the model breaks down because the magnetic field cannot be 
approximated as constant. Although different values of vwere examined, the results presented 
here are for 1 mL particles due to this approximation.  
The results of this model show that it is feasible to predict the magnetic field produced by 
a solenoidal source. However, more realistic conditions need to be taken into account in order for 
the model to closely match what is seen experimentally. Additionally, future work is needed in 
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order to translate the magnetic field strength to a tangible magnetic force calculation. At that point 
it will become much more valuable to the development of the device.   
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Chapter 5: Conclusions and Future Work 
The research conducted in the previous chapters is a first step towards creating a fistula 
occlusion device that could benefit patients worldwide.  The conclusions drawn from both the 
physical experiments and the computational model are beneficial in advising design decisions 
going forward. Additionally, the design process has allowed for creative iterations. However, the 
current work is not without limitations. Some of these limitations are anticipated to be addressed 
in future work. Other future steps include completing the necessary safety and efficacy 
experiments for FDA approval processes.  
 A major accomplishment for this thesis was demonstrating that it is feasible to produce 
magnetic fields at this scale that deliver sufficient force for the task. This was shown through the 
vertical experiments that are 50% more weight than what should be required clinically. Although 
precision is a concern, the binary success rate was greater than the failure rate and can be refined 
in the future.  
 Also, a hollow core solenoid is novel. Most literature cites solenoids that have solid iron 
cores [43,45]. The clinical application shown here requires a hollow solenoid. The glue needs to 
be able delivered to the fistula site using a catheter and the catheter must be positioned using a 
guidewire. Those design requirements dictate the geometric shape of the core. Showing that 
magnetic forces can be achieved at both a small scale and from a hollow core are foundational to 
the further development of this device.  
 From the model, the biggest accomplishment was establishing a working model to test 
design parameters before building them. This will allow the team to better predict the effect of 
different design parameters on the overall magnetic field. Additionally, the model provides a visual 
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for geometric data. It allows the team to identify how close the glue plug needs to be to the tip of 
the catheter to still be affected by the magnetic field.  
 These conclusions are significant as this thesis is the beginning of an ongoing research 
project. A preliminary patent has already been filed for both the electromagnetic catheter and the 
glue composition (July 2015).  
Current Limitations 
  There are two major limitations to the current design. First off, fluid mechanics of the glue 
have not been addressed at all. The fluid mechanics of the cyanoacrylate-ferrofluid solution are 
complex and may change the effectiveness of the prototype significantly. All of the work presented 
here has assumed solid steel spheres that do not change shape. Cyanoacrylate will change shape 
as a function of time and in the presence of a magnetic field. Additionally, the material properties 
of the ferrofluid-cyanoacrylate mixture will not remain constant which could affect the validity of 
the conclusions made on solid spheres. Solid spheres were used for this preliminary work because 
of their ease of use. It allowed the researcher to focus on developing only one component of the 
fistula repair system, the electromagnetic catheter, instead of controlling all components at once.  
Second, all of the prototypes were handmade. Although great care was taken when building 
each iron core and solenoid, variability exists in the prototypes due to the manufacturing process. 
Although measurements were taken in regards to the weight of each core and they are statistically 
the same, slight differences in geometry or particle distribution could have occurred. Since the 
copper wire was wound securely around each core after drying, any differences in geometry would 
be confounded with the application of the solenoid and could be the cause of the alignment 
problems seen in the horizontal experiments of chapter 2. Ignoring fluid mechanics and the 
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manufacturing processes are both limits to the success of the research, however, that does not 
negate the significance of the results presented previously. 
 Additionally, the computational model has some limitations in its accuracy. The magnetic 
force and magnetic field could not be calculated at points near the tip. In electromagnetics, as you 
approach the source the fields become singular which complicates the mathematics and makes 
them nearly impossible to solve. For this model we avoided this by only considering fields a 
sufficient ways away, i.e.: greater than 1 radius. This is not the best approximation since the 
application for which the device is being used for relies on the near field.  
 The Taylor series expansion that was used to solve for the magnetic flux density relies on 
the assumption that the particle is far away from the source. As it gets closer the assumption tends 
to break down. The model truncates the expansion at the 3rd order. Terms of higher order made 
negligible impact on the results and were therefore not included. The alternative to a Taylor series 
approximation is to go to numerical methods, however that would not lead to a closed form 
solution. Both the experiments and model have limitations in their conclusiveness which will be 
addressed in future work.  
Future Work 
 The limitations presented are influential towards formulating the next steps in this research 
project. The work present in this thesis are the foundation for creating a novel fistula occlusion 
device that could be used worldwide to increase quality of life for patients. There are three next 
steps that answer to the limitations described earlier and three other steps that move the project 
towards the ultimate goal: in-patient use.  
 The exact composition of the glue needs to be explored. Although previous research 
indicates ferrofluids will stay in solution when combined with other liquids, this exact scenario 
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has not yet been analyzed [38]. Determining the properties of this novel glue will go a long way 
towards increasing the accuracy in the computational model and the experimental set up. It is 
known that dramatic viscosity changes occur in both cyanoacrylate as it cures and in ferrofluid in 
the presence of a magnetic field [31,32]. Up to this point the differences between solid and fluid 
mechanics have been ignored. This is simply not accurate and a significant assumption in the 
research. It simplified the manufacturing of the initial prototypes as well as allowed the team to 
focus on one part of the delivery system as opposed to two. Now, they must be combined in order 
to determine full feasibility of the product.  
 The catheter portion of the system needs professional manufacturing. It is believed that 
precise manufacturing of the iron core and copper solenoid coil will increase the reliability and 
accuracy of the prototypes. There is significant room for improvement and refinement in the build 
of each device although great care was taken in details of the prototypes. For example, the iron 
core could be built out of solid iron rather than an iron paint and iron wire combination. In the next 
step of prototype development, the manufacturing will be outsourced so that increased analysis 
can be performed.  
 One of the major limitations of the computational model was that it ignored the fields 
induced in the particles. The future of the model will be to include a 3rd cylinder, replacing the 
lumen, with the magnetic glue. This will create a 3rd surface current and ultimately change the 
magnetic field shape and intensity. Hopefully this change will also allow the team to understand 
how far the glue can be pushed out of the catheter while still retaining its cylindrical shape.  
 After the glue and manufacturing concerns have been addressed, there are still several 
studies necessary in order to be prepared for clinical trials. The most obvious is to repeat the 
experiments described in Chapter 3 with the newly developed glue instead of the steel balls. The 
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results of which will validate the previous experiments. Additionally this will allow the research 
team to make final design decisions regarding the deployment system. These experiments will 
provide information regarding the finalization of the design parameters, current, number of turns, 
and core composition.  
 In regards to the core, beyond size, the material can be changed. Iron is the most common 
material used in solenoids because of its availability and excellent permeability. However, other 
materials exist that may provide better results for the forces we are requiring in such a small space. 
Further investigation is needed to know if iron is the proper choice for the core in this application 
or if changing the material would create the magnetic fields desired.  
 Lastly, after the technical problems have been addressed and further clarified, cadaveric 
and animal studies need to be conducted. Although there is not a preferred animal model for these 
types of studies, dogs have been used previously for gastrointestinal defect surgeries [56]. Dogs 
likely represent the best model for assessing this product. After the final prototype has been built, 
it will be assessed for performance in an animal model. Physicians will use the device as intended 
for human patients. Additionally, mechanical testing will be performed on the repaired tissue to 
ensure the adhesive qualities of the glue are up to par. With positive results in a series of animal 
tests and no unforeseen side effects, the device could potentially be used in patients.  
Conclusion 
 The preliminary findings described here are promising in the feasibility of developing a 
novel fistula occlusion device. Although complete validation and verification of the prototype 
forces is incomplete at this time, major progress has been made towards creating a viable 
prototype. Additional iterations of the computational model will allow the team to determine the 
ideal design parameter values for the final prototypes. These devices will be manufactured 
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professionally for extensive mechanical and behavioral testing. Afterwards, pending successful 
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Appendix A---Math Model 
/N Turns meter   
 
I Current in Amps   
 
sJ N I    
 
  ˆ





sr μ J W mB z  
 
    2
1 1 0 1 1
ˆ ˆr r
sr μ μ J μ r W m B z B z  
 
    2
2 2 0 2 2
ˆ ˆr r
sr μ μ J μ r W m B z B z  
 
This appendix covers the derivation of the 
computational model used in chapter 4. The goal was 
to develop an explicit form of the equations 
governing the magnetic field. N & I are inputs to the 
model describing the current and turns/meter of the 
solenoid external to the core. Js is the fictitious 
representation of a surface current created by I in the 
paramagnetic material. H(r) is the magnetic field 
pointing in the z direction measured in A/m. B(r) is 
the magnetic flux density produced by the solenoid. 
B0 is for the flux density corresponding to the surface 
of the glue cylinder. B1 corresponds to the internal 
surface of the core and B2 is the external surface of 
the core. Later, these will be combined to describe the 
entire system.  
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ˆ ˆ ˆr x y z  x y z   
 
‘r’ is the direction of the 
particle, Jsm is the 
summation of the surface 
currents for each of the 
corresponding cylinders 
‘a’ is the radius of each cylinder. 
One set of equations for each 
corresponding current: on glue, 
inside core, outside core. 
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Solving for the numerator of 
B(r) 
Definition of the unit vector φ 
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4 terms.  
G1 is defined by this 
substitution. Has no closed 
form solution, so must use 















































   
     
   
 





   
     
   
 










Substitute Taylor Series back 
















































   
     
   
 





   
    
   
 




Repeat for cosine component: 
Substitute Taylor Series back 























1 1ˆ ˆ 1.5
π π







x y πa πa
r r
     
     
                
     
          
      
   
      
































   
  
     
        
      
     
        









ρ r θ z r θ
x ρ φ r θ φ






Substitutions for coordinate 
system 
Adding the results of the two (sin & cos) components back 
together results in this final solution 
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2 4 4 3
2 4 4




1 1 7.5 1
ˆ sin 1.5 sin sin
4
π π




πa θ πa θ πa θ
r r r
     
     
        
      
      
        







   




0 1 2 3
2 2 2 2
1
, 1
, , , ,th st nd rd
g r φ z β z
β
g r φ g r φ g r φ g r φ
    
      
New g substitution for the z 
component in equation 3 






















2 2 2 3
2




st zg r φ a x φ y φ
rρ
z
a x φ y φ
ρ r
a z z
x φ y φ
ρ ρ ρ r r
 




























nd a zg r φ
rρ
x y φ xy φ φ y x φ
z
a x φ y φ
ρ r
z














Taylor series approximation for g2 
divided into individual terms as 
described in the previous equation  
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   
    





2 2 2 2 2 2
3
8







3 cos 8 cos sin 3 sin
4
1





rd zg r φ a x φ y φ
ρ r




x xy φ x y y φ φ xy x φ φ y x y φ
z
a x φ y φ
ρ r
z





   















x φ y φ
r
z





   
   
   
   
   
   
2 2 2 2 2 2
2 2 2 2 2 2 2 2
2 2 2 2
2 2 2 2 2 2
2 2 2
2 2 2
3 cos 8 cos sin 3 sin
4 cos 8 cos sin 4 sin
4 cos 8 cos sin 4 sin
cos sin
2 cos 2 sin
4 cos sin
x y φ xy φ φ y x φ
x x y φ xy φ φ y y x φ
x φ xy φ φ y φ
x y φ y x φ
x φ y φ x y
x φ y φ x y
      
         
     
      
    






       
       
       
   
3 2 3 2 3 2 2 3 2 3 2 3
3 3 2 2 2 2 3 3
2 3 2 3 2 2 3 2 2 3
3 2 3 2 3 2
cos 5 cos sin 5 cos sin sin
cos 3 cos sin 3 cos sin sin
cos 2 cos sin 2 cos sin sin
3 cos 11 cos
x xy φ x y y φ φ xy x φ φ y x y φ
x φ x y φ φ xy φ φ y φ
xy φ x y y φ φ xy x φ φ x y φ
x xy φ x y y
           
        
            
       
       
       
2 3 2 3 2 3
3 3 2 2 2 2 3 3
3 2 3 2 3 2 2 3 2 3 2 3
3 3 2 2 2
sin 11 cos sin 3 sin
2 cos 6 cos sin 6 cos sin 2 sin
3 cos 11 cos sin 11 cos sin 3 sin
2 cos 3 cos sin 3 cos
φ φ xy x φ φ y x y φ
x φ x y φ φ xy φ φ y φ
x xy φ x y y φ φ xy x φ φ y x y φ
x φ x y φ φ xy
       
            
            
      
       





4 cos sin cos sin 2 cos sin
2 cos sin cos sin
φ φ y φ
x φ y φ x y x φ y φ x φ y φ
x φ y φ x y x φ y φ
 
           









































nd a zg r φ x φ y φ x y
rρ
z
a x φ y φ
ρ r
z






x φ y φ
rρ
z
a x φ y φ
ρ r
z































a x φ y φ








       
  
 







   
    































rd zg r φ a x φ y φ
ρ r




x φ y φ x y x φ y φ
z
a x φ y φ
ρ r
z
a x φ y φ
ρ r
z
a x φ y φ
ρ r
z




   












































x φ y φ
ρ r
z
a x φ y φ
ρ r
z
a x φ y φ
rρ
z
a x φ y φ
rρ
z
a x φ y φ
ρ r
z
a x φ y φ
ρ r
z
a x φ y φ
ρ r
z





    
 
 











   
 
33 3
2 8 6 3 4 5 2 7
3
6 4 3 2 5
8 4 3
, 1 2.5 cos sin
4 2
1 1.5 cos sin
rd z z z zg r φ a x φ y φ
rρ ρ r ρ r ρ r
z z z
a x φ y φ
rρ ρ r ρ r
  
        
  
  











































x φ y φ dφ
x φ y φ dφ π ρ
x φ y φ dφ
x φ x φ y φ dφ πx
x φ x φ y φ dφ




   
   




















a x φ y φ a dφz β z
β
       
 
Integration over φ 
6 fundamental integral 
parts all in terms of 
equation 3 
Using result of 1st 
component simplification 
and substitutions to 












th za g r φ a dφ πa
rρ
 































nd z z za g r φ a dφ πa






rρ ρ r r
  
       
  
  
    
  
  





















cos sin , 0
π
thx φ y φ g r φ a dφ     
 
 
Integrate over φ for all 




   
2
1 2









th z zx φ y φ g r φ a dφ πa





        
 
  









cos sin , 0
π
ndx φ y φ g r φ a dφ     
 
 







4 2 3 5 7
4
4 2 3 5
2
4
4 2 3 5 7
4
4 2 3 5
cos sin ,










rdx φ y φ g r φ a dφ
z ρz z z
πa
rρ ρ r r r
z z z
πa
rρ ρ r r
z ρz z z
πa
rρ ρ r r r
z z z
πa
rρ ρ r r
    
  
        
  
  
     
  
  
        
  
 





4 2 3 5 7
2
1 0.75 1.875
z ρz z z
πa

























4 2 3 5
2
4




























rρ ρ r r
z ρz z z
πa












    
  
  
     
  
  














4 3 5 7
0.75 1.875
2 1 0.75 1.875
z ρz z




ρ za z ρ z ρ z
π
rρ r r r
 










Combining all the integrals 
into 1 solution 
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2 1 0.75 1.875
sin cos
2 1 cos sin cos 0.75sin cos 1.875sin cos
π





ρ za z ρ z ρ z
π





π θ θ θ θ θ θ θ
ρ





        
  






   
  
   
      

































z ρz z z
πa









coordinates of the 
same solution 
 g1=Bx 
Final result of ρ-
component of B 
 g2=Bz 
Final result of 
z-component 
of B 
Insert these terms back into the original B(r) equation 3. The model uses this result, and the 
constants that were pulled out Js, 4π and µ0 to describe the magnetic flux density provided by 
the three concentric cylinders. In the model described in chapter 4 only two cylinders are used, 
the lumen and the iron core. Therefore only two sets of geometric constants (I, N and a) were 
used. The final result is calculated using each set and added together to describe the full field.  
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Appendix B---MATLAB CODE 
%This script is the determination of the Magnetic force produced 
by the 






mu0=4*pi*1e-7; %permeability of free space 
mu1= 500; %permeability of solenoid core 
mu2=50; %permeability of glue---ignore in early model 
n_actual=35; %number of turns per 2cm 
n=n_actual*50; %number of turns per meter 
Js=n*i; 
c=0.00386; %meters outermost radius 
p=0.00097; %inner radius of core 
q=0.0062; %radius of particle (1mL) 
v=1E-6; %volume m^3 




%% Define Grid 
x1=[-10*c:1*c:-c c:1*c:10*c]; 
z1=[-10*c:1*c:-c c:1*c:10*c]; 
[x,z] = meshgrid(x1,z1); 
  
rho = x; 
r = sqrt(x.^2+z.^2); 
  





    +pi.*c.^4.*(7.5./4.*(rho.^3)./r.^7)); 
Bz_core=(mu0./4.*pi).*((pi.*c.^2).*(z./(r.^3))+(pi.*c.^4.*(-
2./(rho.^4).*(1-(z./r))... 
      +z./(rho.^2.*r.^3)-
0.75.*(z./(r.^5))+1.875.*(z.*rho.^2)./(r.^7)))); 
   









    +pi.*p.^4.*(7.5./4.*(rho.^3)./r.^7)); 
Bz_plastic=(mu0./4.*pi).*((pi.*p.^2).*(z./(r.^3))+(pi.*p.^4.*(-
2./(rho.^4).*(1-(z./r))... 
      +z./(rho.^2.*r.^3)-
0.75.*(z./(r.^5))+1.875.*(z.*rho.^2)./(r.^7)))); 
Bxp=Jsp.*Bx_plastic;%inner core current 
Bzp=Jsp.*Bz_plastic; 
  




































A--- Parametric analysis of the magnetic flux density. Each plot is shown using spatial dimensions 




directly to the right of each plot. The change from row to row is the radius of the iron core while 
the change from column to column is the permeability of that core. The current, i, is a constant 2 
A for all 9 plots. 
B--- Parametric analysis of the magnetic flux density. Each plot is shown using spatial dimensions 
in meters for both the x and z directions. The intensities are shown in the corresponding color bars 
directly to the right of each plot. The change from row to row is the radius of the iron core while 
the change from column to column is the current applied to the system. The permeability of the 
core, is a constant of 500.  
